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Abstract In this work, we study systematically the
mass splittings of the qqQ¯Q¯ (q = u, d, s and Q = c,
b) tetraquark states with the color-magnetic interac-
tion by considering color mixing effects and estimate
roughly their masses. We find that the color mixing ef-
fect is relatively important for the JP = 0+ states and
possible stable tetraquarks exist in the nnQ¯Q¯ (n = u,
d) and nsQ¯Q¯ systems either with J = 0 or with J = 1.
Possible decay patterns of the tetraquarks are briefly
discussed.
1 Introduction
Searching for exotic hadronic states is an interesting re-
search topic full of opportunities and challenges. In the
past decade, the reported charmonium-like states like
X(3872) [1], Y (3940) [2], Y (4140) [3,4], Z+(4430) [5],
and Z+c (4200) [6], the bottomonium-like states Zb(10610)
and Zb(10650) [7], and the open-heavy flavor meson
X(5568) [8] have stimulated extensive discussions on
their exotic assignments. The interested readers may
refer to the recent literatures [9,10,11,12,13,14,15] for
the comprehensive review of progress.
Among the various exotic state assignments, the
tetraquark configuration is most popular in explain-
ing these observed novel phenomena. Thus, studying
tetraquark states has become an important issue of ex-
ploring exotic hadronic matter. Where and how to iden-
tify tetraquark states from these observed XY Z states
is a main task. Usually, it is easy to identify a hadronic
state as an exotic one if it has exotic quantum num-
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bers like 0−−, 0+−, 1−+, 2+−, and so on. In order to
identify a tetraquark state, we need to pay attention to
not only its quark component but also its special prop-
erties. If a hadronic state has valence quarks with four
different flavors, we may conclude that this hadron is
probably a tetraquark state when the molecule inter-
pretation is not favored. The newly observed X(5568)
in the B0spi
± channel [8] is a typical example since the
X(5568) contains valence quarks of four different fla-
vors and the B¯K interaction in the isovector channel
is not strong enough to form a molecule. Besides, if a
hadron has the qqQ¯Q¯ configuration, where Q denotes
b or c quark and q is a light quark, we may identify it
to be a tetraquark state when it is far below relevant
meson-meson thresholds.
Until now, the tetraquark states with the qqQ¯Q¯ con-
figuration have not been reported by experiments. On
the other hand, the existence and stability of such states
have been discussed by theorists for a long time. Differ-
ent models [16,17,18,19,20,21,22,23,24,25,26,27,28,29,
30,31,32,33,34,35,36,37,38,39,40] with various poten-
tials as well as the associated interactions were intro-
duced to describe the qqQ¯Q¯ system, suggesting that the
qqQ¯Q¯ states are stable against breakup into the qQ¯−qQ¯
meson pair. In the framework of QCD sum rule, the
mass spectrum of the qqQ¯Q¯ states has been studied
in Refs. [41,42]. In addition, Lattice QCD simulations
gave us more hints on this issue [43,44,45,46,47,48,49,
50,51,52,53,54,55,56,57]. An intuitive picture [55] in
Lattice QCD is that in a tetraquark with qqQ¯Q¯ con-
figuration, when the two heavy quarks are in a long
separation, the gluon exchange force between them is
screened by the two light quarks. This system is similar
to a hydrogen molecule [41]. Thus, a (qQ¯− qQ¯) loosely
bound state can be formed [58,59]. On the other hand,
ar
X
iv
:1
70
7.
01
18
0v
3 
 [h
ep
-p
h]
  1
1 O
ct 
20
17
2if the two heavy quarks are in a short separation, the
Q¯Q¯ component can form a color source. As a result,
the exotic tetraquark state (Q¯Q¯− qq) can be generated
after pairing with the light component qq. Although
many exotic qqQ¯Q¯ tetraquarks were also obtained in
Lattice QCD simulation, the binding energy of such
tetraquarks strongly depends on the details of the dy-
namical models. To understand further the properties
of the tetraquark states with the qqQ¯Q¯ configuration,
both theorists and experimentalists still need to make
more efforts to explore them.
In this work, we continue to pay attention to the
tetraquark states with the qqQ¯Q¯ configuration. We will
again adopt the framework of the simple color-magnetic
interaction, although it is not a dynamical model. Re-
cently, we have systematically applied it to tetraquark
and pentaquark states in order to understand the na-
ture of the observed exotic hadrons and to predict ex-
otic phenomena [60,61,62,63]. Here, we calculate the
mass splittings of the tetraquark states with the qqQ¯Q¯
configuration and estimate their mass spectrum, with
which we further discuss their decay patterns. Hope-
fully, the information presented in this work will be
helpful to further experimental search for them.
This paper is organized as follows. After the intro-
duction section, we present the deduction of the ele-
ments of the interaction matrices in Sec. 2. In Sec. 3,
the adopted parameters and numerical results are given
in details. In the following Sec. 4, we provide some dis-
cussions about these systems. Finally, the paper ends
with a short summary in Sec. 5.
2 Formalism
The color magnetic interaction (CMI) in a hadron can
be written as
HCM = −
∑
i<j
Cijλi · λjσi · σj , (1)
where the subscript i denotes the i-th constituent quark
in the hadron and λi and σi represent the Gell-Mann
matrices and the Pauli matrices, respectively. For an
antiquark, λi should be replaced by −λ∗i . This Hamil-
tonian is deduced from part of the one gluon exchange
interaction [64]. The Cij describes the effective coupling
constant between one quark and another quark or an-
tiquark, which incorporates the effects from the spatial
wave function and the quark mass. This constant will
be estimated in the next section.
For the ground state of a tetraquark, the above CMI
Hamitonian leads to the mass formula
H =
4∑
i=1
mi + 〈HCM 〉 (2)
where mi is the effective mass of the i-th constituent
quark.
We use the diquark-antidiquark bases to discuss the
wave functions of ground tetraquark states with the
qqQ¯Q¯ configuration, where Q = c or b and q = n or s
with n = u or d. Since we consider the mixing between
different color-spin structures, all the other bases will
finally result in the same mass splittings. In order to
obtain all the ground states satisfying the flavor-color-
spin symmetry constraint from Pauli principle, we need
to exhaust all the possible spin and color wave functions
of a diquark-antidiquark system and combine them ap-
propriately with the flavor wave functions. With the
obtained wave functions, one may calculate the matrix
elements using the approach illustrated in Refs. [65,66].
The possible spin wave functions for the tetraquark
states with the qqQ¯Q¯ configuration are
χ1 = |(q1q2)1(Q¯3Q¯4)1〉2, χ2 = |(q1q2)1(Q¯3Q¯4)1〉1,
χ3 = |(q1q2)1(Q¯3Q¯4)1〉0, χ4 = |(q1q2)1(Q¯3Q¯4)0〉1, (3)
χ5 = |(q1q2)0(Q¯3Q¯4)1〉1, χ6 = |(q1q2)0(Q¯3Q¯4)0〉0,
where the subscripts denote the spins of the light di-
quark, the heavy antidiquark, and the tetraquark state.
The color wave function can be analyzed by applying
the SU(3) group theory, where the direct product of the
diquark-antidiquark components reads
3c ⊗ 3c ⊗ 3¯c ⊗ 3¯c = (6c ⊕ 3¯c)⊗ (6¯c ⊕ 3c). (4)
Obviously, we have two combinations to form a color
singlet tetraquark wave function, i.e.,
φ1 = |(q1q2)6(Q¯3Q¯4)6¯〉
=
1
2
√
6
[2(rrr¯r¯ + ggg¯g¯ + bbb¯b¯) + rbb¯r¯ + brb¯r¯ (5)
+grg¯r¯ + rgg¯r¯ + gbb¯g¯ + bgb¯g¯ + grr¯g¯ + rgr¯g¯
+gbg¯b¯+ bgg¯b¯+ rbr¯b¯+ brr¯b¯]
and
φ2 = |(q1q2)3¯(Q¯3Q¯4)3〉
=
1
2
√
3
(rbb¯r¯ − brb¯r¯ − grg¯r¯ + rgg¯r¯ + gbb¯g¯ − bgb¯g¯
+grr¯g¯ − rgr¯g¯ − gbg¯b¯+ bgg¯b¯− rbr¯b¯+ brr¯b¯). (6)
3¯f 6f
nnQ¯Q¯
nsQ¯Q¯
ssQ¯Q¯
Fig. 1 Flavor representations for the qqQ¯Q¯ systems. Here
Q = c, b and q = n, s with n = u, d.
3In flavor space, the heavy quark is treated as an
SU(3) singlet and we have states belonging to 6f and
3¯f (Fig. 1). For the nnQ¯Q¯ case, the isovector states and
the isoscalar states do not mix since we do not consider
isospin breaking effects. For the nsQ¯Q¯ case, the fact
mn 6= ms leads to SU(3) breaking and then the state
mixing between 6f and 3¯f .
Now we can combine the flavor, color, and spin wave
functions together. In this procedure, one needs to in-
clude the constraint from the Pauli principle. In the
diquark-antidiquark picture, the possible wave function
bases are
φ1χ1 = |(q1q2)61(Q¯3Q¯4)6¯1〉2δS12δ34,
φ2χ1 = |(q1q2)3¯1(Q¯3Q¯4)31〉2δA12,
φ1χ2 = |(q1q2)61(Q¯3Q¯4)6¯1〉1δS12δ34,
φ2χ2 = |(q1q2)3¯1(Q¯3Q¯4)31〉1δA12,
φ1χ3 = |(q1q2)61(Q¯3Q¯4)6¯1〉0δS12δ34,
φ2χ3 = |(q1q2)3¯1(Q¯3Q¯4)31〉0δA12, (7)
φ1χ4 = |(q1q2)61(Q¯3Q¯4)6¯0〉1δS12,
φ2χ4 = |(q1q2)3¯1(Q¯3Q¯4)30〉1δA12δ34,
φ1χ5 = |(q1q2)60(Q¯3Q¯4)6¯1〉1δA12δ34,
φ2χ5 = |(q1q2)3¯0(Q¯3Q¯4)31〉1δS12,
φ1χ6 = |(q1q2)60(Q¯3Q¯4)6¯0〉0δA12,
φ2χ6 = |(q1q2)3¯0(Q¯3Q¯4)30〉0δS12δ34.
Here, we present the wave functions with the notation
|(q1q2)colorspin (Q¯3Q¯4)colorspin 〉total spin. Since not all the wave
functions are allowed for a given set of quantum num-
bers, we have introduced three factors δS12, δ
A
12, and δ34
to reflect this symmetry requirement. When the two
light quarks in flavor space are symmetric (antisymmet-
ric), we have δS12 = 0 (δ
A
12 = 0). When the two heavy
quarks are identical, we have δ34 = 0. If the factor can-
not be 0, its value is set to be 1. We may easily ignore
irrelevant wave functions with these factors. Then the
considered tetraquark states can be categorized into six
classes:
1. The (nnc¯c¯)I=1, (nnb¯b¯)I=1, ssc¯c¯, and ssb¯b¯ states with
δS12 = δ34 = 0;
2. The (nnc¯c¯)I=0, (nnb¯b¯)I=0 states with δA12 = δ34 = 0;
3. The (nnc¯b¯)I=1 and ssc¯b¯ states with δS12 = 0 and
δ34 = 1;
4. The (nnc¯b¯)I=0 states with δA12 = 0 and δ34 = 1;
5. The nsc¯c¯ and nsb¯b¯ states with δS12 = δ
A
12 = 1 and
δ34 = 0;
6. The nsc¯b¯ states with δS12 = δ
A
12 = δ34 = 1.
By selecting the corresponding tetraquark wave func-
tions, we obtain the CMI matrices for different cases.
The expressions for classes 1 and 2, 3 and 4, and 5 and
6 are shown in tables 1, 2, and 3, respectively. Here, we
have simplified the expressions by using the following
definitions: α = C12 +C34, β = C13 +C14 +C23 +C24,
γ = C13 +C14−C23−C24, δ = C13−C14 +C23−C24,
µ = C13 − C14 − C23 + C24, η = C12 − 3C34, and
θ = 3C12 − C34.
Table 1 The quantum numbers, color-spin wave functions,
and the corresponding CMI matrices for the nnc¯c¯, nnb¯b¯, ssc¯c¯,
and ssb¯b¯ systems. Here, (qq)S ((qq)A) means that the flavor
wave function of the two light quarks is symmetric (antisym-
metric).
Symmetry JP Wave functions 〈HCM 〉
(qq)S 0+ (φ2χ3, φ1χ6)T
(
8
3
(α− β) 2√6β
4α
)
1+ (φ2χ2)
4
3
(2α− β)
2+ (φ2χ1)
4
3
(2α+ β)
(qq)A 1+ (φ2χ5, φ1χ4)T
(
−8
3
θ −2√2β
−4
3
η
)
3 NUMERICAL RESULTS
3.1 Parameters
We need to determine the values of the relevant co-
efficients Cqq, CQ¯q, and CQQ in estimating the mass
splittings of the possible tetraquark states. Here, the
subscripts Q = c, b and q = n, s with n = u, d. The pa-
rameters Cnn = 18.3 MeV and Cns = 12.3 MeV can be
determined from the CMI relation between N −∆ and
Σ−Σ∗ systems. One further obtains Css = 6.4 MeV by
using the relation 2MΩ+M∆−(2MΞ∗+MΞ) = 8Css+
8Cnn. The coupling constant Cc¯n (Cc¯s) is estimated by
considering the mass splitting between the pseudoscalar
and vector charmed (charmed-strange) mesons. Simi-
larly, Cb¯n (Cb¯s) is determined with the bottom (bottom-
strange) mesons. We extract the Ccc¯ (Cbb¯) from the
associated charmonium (bottomium) mesons and use
the mass of B∗c estimated from GI model [67] to de-
termine Ccb¯. For the remaining constants CQQ (Ccc,
Cbc, Cbb), however, there are no observed or confirmed
doubly heavy baryons in experiments at present. The
approximation CQQ = CQQ¯, i.e., Ccc¯ = Ccc, Ccb¯ = Ccb,
and Cbb¯ = Cbb, is used in our analysis of the qqQ¯Q¯
tetraquarks. We collect the determined parameters in
Table 4. In getting these parameters and in the follow-
ing evaluation, we use the following meson masses [68]:
MD = 1867.21 MeV, MD∗ = 2008.56 MeV, MDs =
1968.27 MeV, MD∗s = 2112.1 MeV, MB = 5279.31
4Table 2 The quantum numbers, color-spin wave functions, and the corresponding CMI matrices for the nnc¯b¯ and ssc¯b¯ systems.
Here, (qq)S ((qq)A) means that the flavor wave function of the two light quarks is symmetric (antisymmetric).
Symmetry JP Wave functions 〈HCM 〉
(qq)S 0+ (φ2χ3, φ1χ6)T
(
8
3
(α− β) 2√6β
4α
)
1+ (φ2χ4, φ2χ2, φ1χ5)T
 83η 4√23 δ −2√2β4
3
(2α− β) 4δ
4
3
θ

2+ (φ2χ1)
4
3
(2α+ β)
(qq)A 0+ (φ2χ6, φ1χ3)T
(
−8α 2√6β
−4
3
(α+ 5β)
)
1+ (φ2χ5, φ1χ4, φ1χ2)T
−83θ −2√2β 4δ−4
3
η 10
√
2
3
δ
−2
3
(2α+ 5β)

2+ (φ1χ1)
2
3
(−2α+ 5β)
Table 3 The quantum numbers, color-spin wave functions, and the corresponding CMI matrices for the nsc¯c¯, nsb¯b¯, and nsc¯b¯
systems.
System JP Wave Functions 〈HCM 〉
nsc¯c¯, nsb¯b¯ 0+ (φ2χ3, φ1χ6)T
(
8
3
(α− β) 2√6β
4α
)
1+ (φ2χ5, φ1χ4, φ2χ2)T
−83θ −2√2β −4√23 γ−4
3
η −4γ
4
3
(2α− β)

2+ (φ2χ1)
4
3
(2α+ β)
nsc¯b¯ 0+ (φ2χ6, φ1χ3, φ2χ3, φ1χ6)T

−8α 2√6β − 4√
3
µ 0
−4
3
(α+ 5β) 4
√
2µ −10µ√
3
8
3
(α− β) 2√6β
4α

1+ (φ2χ5, φ1χ4, φ1χ2, φ2χ4, φ1χ5, φ2χ2)T

−8
3
θ −2√2β 4δ 4
3
µ −4
√
2
3
γ 0
−4
3
η 10
√
2
3
δ 0 −4γ 10
3
µ
−2
3
(2α+ 5β) −4γ 2√2µ −10
√
2
3
γ
8
3
η 4
√
2
3
−2√2β
4
3
(2α− β) 4δ
4
3
θ

2+ (φ1χ1, φ2χ1)T
(
2
3
(−2α+ 5β) −2√2µ
4
3
(2α+ β)
)
MeV, MB∗ = 5324.65 MeV, MBs = 5366.82 MeV, and
MB∗s = 5415.4 MeV.
Since we only consider the color magnetic interac-
tion between valence quarks in a qqQ¯Q¯ system and no
dynamical effects are involved in this calculation, we
will discuss the masses of tetraquarks with two schemes.
In the first scheme, we use the experimental data to
obtain the effective constituent quark masses and es-
timate the values of the tetraquark masses by intro-
ducing the mass shifts due to CMI. The correspond-
ing formula is M =
∑
i
mi + 〈HCM 〉. In Table 5, we
show the procedure of determination. In the second
scheme, we relate the tetraquark system to a reference
meson-meson system and compare the masses to the
threshold of the meson-meson state by the equation
M = Mref−〈HCM 〉ref +〈HCM 〉. In the first scheme, we
find that the predicted masses are generally overesti-
mated. The main reason is probably from the fact that
the dynamical effects can not be simply absorbed into
the effective quark masses. This scheme can give an up-
per limit for the masses of the tetraquark states. In the
following discussions, we mainly focus on the results ob-
5Table 4 The parameters obtained with mass splittings of conventional mesons and baryons
Hadron CMI Hadron CMI Parameter (MeV)
N −8Cnn ∆ 8Cnn Cnn = 18.3
Σ 8
3
Cnn − 323 Cns Σ∗ 83Cnn + 163 Cns Cns = 12.3
D −16Cc¯n D∗ 163 Cc¯n Cc¯n = 6.6
Ds −16Cc¯s D∗s 163 Cc¯s Cc¯s = 6.7
B −16Cb¯n B∗ 163 Cb¯n Cb¯n = 2.1
Bs −16Cb¯s B∗s 163 Cb¯s Cb¯s = 2.3
ηc −16Cc¯c J/ψ 163 Cc¯c Cc¯c = 5.3
ηb −16Cb¯b Υ 163 Cb¯b Cb¯b = 2.9
Bc −16Cc¯b B∗c [67] 163 Cc¯b Cc¯b = 3.3
tained from the threshold scheme. By substituting the
Cij parameters into the corresponding CMI matrices
given in the previous section, one gets the values of the
mass shifts from the color magnetic interaction after we
diagonalize the numerical CMI matrices.
Table 5 The effective constituent quark masses extracted
from conventional baryons
Mass formula Quark mass (MeV)
MN = 3mn − 8Cnn mn = 361.8
MΩ = 3ms + 8Css ms = 540.4
MΣc =
8
3
Cnn − 323 Cnc + 2mq +mc mc = 1724.8
MΣ∗
c
= 8
3
Cnn +
16
3
Cnc + 2mn +mc
MΣb = 2mq +mb +
8
3
Cnn − 323 Cbn mb = 5052.9
MΣ∗
b
= 2mq +mb +
8
3
Cnn +
16
3
Cbn
Since the corresponding antiparticle q¯q¯QQ has iden-
tical mass to the qqQ¯Q¯, we only present the results for
the qqQ¯Q¯ systems. In the previous section, we have
divided such systems into six classes. In the following
part, we discuss the systems according to their SU(3)
classification in the flavor space.
3.2 Systems with strangeness=0
The quark content of these systems may be nnc¯c¯, nnb¯b¯,
or nnc¯b¯. We present the calculated CMI matrices, the
eigenvectors, the eigenvalues, and the estimated masses
in both schemes in Table 6. As mentioned earlier, the
constitute quark scheme gives higher mass predictions.
In the following discussions, we will use the thresh-
old scheme to discuss their properties. In Figure 2, the
rough positions of the studied tetraquark states, various
thresholds, and relevant rearrangement decay patterns
are shown.
3.2.1 nnc¯c¯
In literature, a compact tetraquark state with the quark
content nnc¯c¯ is usually called Tcc. Because of the highly
symmetric constraint from the Pauli principle, the to-
tal number of the Tcc states is restricted to be six: four
isovector states and two isoscalar states. In the isovector
case, only one scalar state has probably attractive color-
magnetic interaction. The mixing with the other scalar
state makes the gap between the two states larger, from
100 MeV to 280 MeV (see Tab. 6), which results in the
heaviest Tcc and the lightest 0
+ Tcc. In the isoscalar
case, the two CMI matrix elements for the axial-vector
states can be both negative, depending on the param-
eters. The state mixing finally leads to one tetraquark
with attractive CMI and one with repulsive CMI. This
lower tetraquark corresponds to the lowest Tcc which
was widely discussed in literature. In Ref. [39], we ar-
gued that the tetraquark mixing is suppressed because
the transition needs a spin-flip for the cc state. Now,
one sees that the mass shift for the I = 0 tetraquarks
due to the state mixing is about 30 MeV and it is not
a big number. On the other hand, the mass shift for
the isovector 0+ states due to the state mixing is about
90 MeV and the state mixing may have effects on the
decay widths.
From Fig. 2, the lowest Tcc should be stable if our
estimation is reasonable. It is below the D¯D¯∗ thresh-
old and its strong decay into D¯D¯ is forbidden by both
isospin and angular momentum conservations. Whether
it can be observed would be crucial information in dis-
tinguishing models of genuine multiquark states, al-
though there is still no experimental signal for this
state. If the other isoscalar 1+ state is narrow [39], the
isovector 1+ Tcc might also be narrow since they have
similar masses and rearrangement decay patterns. An-
other interesting state is the tensor Tcc with I = 1. Its
decay into D¯D¯ or D¯D¯∗ is through D wave and rele-
vant partial widths should not be large. Although this
tetraquark can decay into D¯∗D¯∗ through S wave, the
6Table 6 Numerical results for the nnc¯c¯, nnb¯b¯, and nnc¯b¯ systems in units of MeV, where n = u or d. The masses in the sixth
column are estimated with the masses of effective quarks and those in the last column with the thresholds of DD/BB/BD.
System JP 〈HCM 〉 Eigenvalues Eigenvectors Mass DD/BB/BD
(nnc¯c¯)I=1 0+
(
−7.5 129.3
129.3 94.4
) [
182.5
−95.5
] [
(0.56, 0.83)
(−0.83, 0.56)
] [
4356
4078
] [
4128
3850
]
1+ 27.7 27.7 1.00 4201 3973
2+ 98.1 98.1 1.00 4271 4044
(nnc¯c¯)I=0 1+
(
−132.3 −74.7
−74.7 −3.2
) [
−166.4
31.0
] [
(0.91, 0.42)
(−0.42, 0.91)
] [
4007
4204
] [
3779
3977
]
(nnb¯b¯)I=1 0+
(
34.1 41.2
41.2 84.8
) [
107.8
11.1
] [
(0.49, 0.87)
(−0.87, 0.49)
] [
10937
10841
] [
10734
10637
]
1+ 45.3 45.3 1.00 10875 10671
2+ 67.7 67.7 1.00 10897 10694
(nnb¯b¯)I=0 1+
(
−138.7 −23.8
−23.8 −12.8
) [
−143.0
−8.5
] [
(0.98, 0.18)
(−0.18, 0.98)
] [
10686
10821
] [
10483
10617
]
(nnc¯b¯)I=1 0+
(
11.2 85.2
85.2 86.4
) [
142.0
−44.4
] [
(0.55, 0.84)
(0.84,−0.55)
] [
7643
7457
] [
7428
7241
]
1+
(
22.4 17.0 −49.2
17.0 34.4 36.0
−49.2 36.0 68.8
) [
46.4
−28.0
107.2
] [
(0.59, 0.81,−0.01)
(0.69,−0.49, 0.53)
(−0.43, 0.32, 0.85)
] [
7548
7473
7609
] [
7332
7258
7393
]
2+ 80.8 80.8 1.00 7582 7367
(nnc¯b¯)I=0 0+
(
−172.8 85.2
85.2 −144.8
) [
−245.2
−72.4
] [
(−0.76, 0.65)
(0.65, 0.76)
] [
7256
7429
] [
7041
7213
]
1+
(−137.6 −49.2 36.0
−49.2 −11.2 42.4
36.0 42.4 −86.8
) [−180.2
14.9
−70.3
] [
(−0.81,−0.35, 0.47)
(0.23,−0.92,−0.31)
(0.54,−0.14, 0.83)
] [
7321
7516
7431
] [
7106
7301
7215
]
2+ 29.2 29.2 1.00 7530 7315
4128
3850
3973
3779
3977
4044
0+ 1+ 2+
(D¯D¯)I=10,2
(D¯D¯∗)I=01
(D¯D¯∗)I=11,2
(D¯∗D¯∗)I=01
(D¯∗D¯∗)I=10,1,2
10734
10637
10671
10483
10617
10694
0+ 1+ 2+
(BB)I=10,2
(BB∗)I=01
(BB∗)I=11,2
(B∗B∗)I=01
(B∗B∗)I=10,1,2
7428
7241
7041
7213
7332
7258
7393
7106
7301
7215
7367
7315
0+ 1+ 2+
(BD¯)0,2
(B∗D¯)1,2
(BD¯∗)1,2
(B∗D¯∗)0,1,2
Fig. 2 The estimated masses (units: MeV) of the nnc¯c¯ (left), nnb¯b¯ (middle), and nnc¯b¯ (right) systems in the threshold
scheme. The solid (dashed) lines correspond to the I = 1 (I = 0) case. The dotted lines are thresholds of the possible decay
channels. When the isospin conservation is satisfied and the total spin of a tetraquark is equal to a subscript of the symbol for
a meson-meson channel, the corresponding S- or D-wave decay is allowed.
width may not be so large because of the suppression in
phase space. This feature of narrow width for high-spin
state is similar to the J = 52 pentaquark case which
was studied in Ref. [63]. The lower 0+ Tcc has only one
S-wave decay channel D¯D¯ while the higher one can
also decay into D¯∗D¯∗ through S or D wave. The decay
into the channel D¯D¯∗ is forbidden either by kinematics
or by angular momentum conservation. Probably the
higher scalar Tcc could not be observed even if it really
exists because of its broad width. From our estimations,
probably a search in the I = 1 D¯(∗)D¯(∗) channel may
show us some exotic signals.
73.2.2 nnb¯b¯
Similarly, such a system is called Tbb. From Tab. 1, the
basic features of spectrum should be similar to the Tcc
case. Because the concrete interaction strengthes are
different, however, the relevant positions of Tbb’s are
changed compared with their charmed partners. Ac-
cordingly, the decay properties are different. We now
take a look at the tetraquark properties from Fig. 2.
Below the BB∗ threshold, there is only one state, the
stable 1+ Tbb with I = 0. The second heavier state is
the other 1+ Tbb with I = 0 which is just above the BB
∗
threshold and should be narrower than its charmed ana-
log. The remaining Tbb states are all isovector mesons
and are all above these two states. Although the low-
est 0+ Tbb is above the BB
∗ threshold, its decay into
this channel is forbidden and the width may be com-
parable to the lowest 0+ Tcc. Now, the I(J
P ) = 1(1+)
Tbb is above the B
∗B∗ threshold. Because the decay
into this channel through S wave is forbidden, its dom-
inant decays should be S-wave BB∗, D-wave BB∗, and
D-wave B∗B∗ and thus the width is larger than the
I(JP ) = 0(1+) Tbb. The features of the tensor Tbb and
the heaviest Tbb are similar to their charmed analogs,
respectively.
3.2.3 nnc¯b¯
Now we focus on the systems with two identical light
quarks but different heavy quarks. We use Tcb to de-
note such tetraquarks. Obviously, the wave functions
of the heavy antidiquarks are not constrained by the
Pauli principle and the number of states is bigger than
that in the nnc¯c¯ systems. From Tab. 2 and Tab. 1, by
comparing Tcb with the Tcc in the I = 1 case, we have
the same number of 0+ and 2+ tetraquark states and
two more 1+ states. In the isoscalar case, two 0+ states,
one 2+ state, and one more 1+ state are allowed.
The heaviest and the lightest states in the I = 1 case
are the two 0+ Tcb’s, whose mass difference is about 180
MeV. The masses of the 1+ and 2+ states lie between
these two tetraquarks. The I = 0 Tcb masses are gen-
erally lower than those I = 1 masses. Different from
the Tcc and Tbb mesons, now the lowest state is a scalar
tetraquark.
From Fig. 2, there are four possible rearrangement
decay channels for the Tcb states, BD¯, B
∗D¯, BD¯∗,
and B∗D¯∗, two of which are pseudoscalr+vector (PV)
type channels. Since no symmetry constraint is required
among isospin, spin, and orbital spaces for these meson-
meson states, each Tcb can decay into these channels
once the angular momentum conservation is satisfied
and the mass is high enough. We do not need to con-
sider the isospin conservation in considering the meson-
meson decay properties.
Two states, one scalar meson and one axial vector
meson, are below the threshold of BD¯ and they should
be narrow and stable tetraquarks. Two higher 0+ states
can only decay into BD¯ through S wave although they
are above the threshold of B∗D¯. The highest 0+ state
may be broad and might not be observed since it can
decay into B∗D¯∗ through S and D wave and into BD¯
through S wave. Each excited 1+ Tcb has the S-wave de-
cay channel B∗D¯. The S-wave channel BD¯∗ is opened
for three of them and the S-wave B∗D¯∗ is also opened
for the highest one. For the two tensor states, the lower
one can only decay through D wave and the higher one
can also decay into B∗D¯∗ through S wave. Needless to
say, these arguments strongly depend on the estima-
tion of the Tcb masses, which is the dominant uncer-
tainty of the present method. If our estimation is rea-
sonable, probably exotic states could be observed in the
B(∗)D¯(∗) channels. If our estimation is underestimated
around 100 MeV, the lowest two states may be above
respective S-wave decay channels and their signals may
also be observed through two-body strong decays. Any-
way, interesting phenomena may exist in the B(∗)D¯(∗)
channels.
3.3 Systems with strangeness=−1
The system nsc¯c¯, nsb¯b¯, or nsc¯b¯ contains a strange quark
and the isospin of each state is I = 12 . We list the nu-
merical results in Tab. 7 and show their rough posi-
tions in Fig. 3. In the table, one finds that some non-
diagonal elements of 〈HCM 〉 are close to zero. They
are from γ = (C13 − C23) + (C14 − C24) and µ =
(C13 − C23) − (C14 − C24) and their nonvanishing val-
ues reflect the effects of the flavor symmetry breaking.
Comparing with the previous nnQ¯Q¯ systems, the total
number of states does not change. Although the con-
straint from isospin conservation is removed, we find
that nsQ¯Q¯ and nnQ¯Q¯ have some similar properties of
rearrangement decays.
First, we concentrate on the nsc¯c¯ systems. From
Fig. 3, it is clear that the heaviest state is still a 0+
tetraquark and the lightest one is still a 1+ meson. This
lowest 1+ state does not decay into D¯D−s and this high-
est 0+ state can decay into D¯D−s and D¯
∗D∗−s through
S wave, which is similar to corresponding states in Fig.
2. Similar features of decay properties for other mesons
also exist: the lower 0+ state decays into D¯D−s through
S wave, the two higher 1+ states have PV type S-wave
decay channels, and the 2+ state might be a narrow
tetraquark.
8Table 7 Numerical results for the nsc¯c¯, nsb¯b, and nsc¯b¯ systems in units of MeV, where n = u or d. The masses in the sixth
column are estimated with the masses of effective quarks and those in the last column with the thresholds of DDs/BBs/DBs.
For the nsc¯b¯ system, the result estimated with the threshold of BDs is about 10 MeV higher than that with DBs.
System JP 〈HCM 〉 Eigenvalues Eigenvectors Mass DDs/BBs/DBs
nsc¯c¯ 0+
(−24.0 130.3
130.3 70.4
) [
161.8
−115.4
] [
(0.57, 0.82)
(−0.82, 0.57)
] [
4514
4236
] [
4210
3933
]
1+
(−84.3 −75.2 0.4
−75.2 4.8 0.8
0.4 0.8 11.5
) [−127.2
47.7
11.5
] [
(−0.87,−0.50, 0.01)
(0.50,−0.87,−0.01)
(0.01,−0.01, 1.0)
] [
4225
4400
4363
] [
3921
4096
4060
]
2+ 82.4 82.4 1.00 4434 4131
nsb¯b¯ 0+
(
17.1 43.1
43.1 60.8
) [
87.3
−9.4
] [
(0.52, 0.85)
(−0.85, 0.52)
] [
11095
10999
] [
10804
10707
]
1+
(−90.7 −24.9 0.8
−24.9 −4.8 1.6
0.8 1.6 28.8
) [−97.4
28.9
1.8
] [
(0.97, 0.26,−0.01)
(0.00, 0.05, 1.0)
(0.26,−0.96, 0.05)
] [
10911
11037
11010
] [
10619
10745
10718
]
2+ 52.3 52.3 1.00 11060 10769
nsc¯b¯ 0+
(−124.8 86.7 −0.2 0.0
86.7 −138.8 0.6 −0.6
−0.2 0.6 −5.6 86.7
0.0 −0.6 86.7 62.4
) [−218.8
121.5
−64.7
−44.8
] [
(0.68,−0.74, 0.00, 0.00)
(0.00, 0.00, 0.56, 0.83)
(0.02, 0.01,−0.83, 0.56)
(0.73, 0.68, 0.02,−0.01)
] [
7461
7801
7615
7635
] [
7158
7498
7312
7332
]
1+
−89.6 −50.1 35.6 0.1 0.6 0.0−50.1 −3.2 42.0 0.0 1.2 0.335.6 42.0 −79.8 1.2 0.3 1.4
0.1 0.0 1.2 6.4 16.8 −50.1
0.6 1.2 0.3 16.8 18.0 35.6
0.0 0.3 1.4 −50.1 35.6 44.8
 −149.886.0−49.2−46.4
30.2
25.7
  (0.69, 0.41,−0.60, 0.01,−0.01, 0.01)(0.00, 0.01, 0.01,−0.45, 0.32, 0.83)(−0.60,−0.01,−0.70, 0.26,−0.17, 0.21)
(0.24, 0.00, 0.29, 0.62,−0.45, 0.51)
(0.06,−0.20,−0.07,−0.57,−0.79, 0.00)
(0.31,−0.89,−0.25, 0.12, 0.18, 0.01)
  753077667631
7634
7710
7706
  722774627327
7330
7407
7402

2+
(
38.2 −0.3
−0.3 65.2
) [
65.2
38.2
] [
(−0.01, 1.0)
(−1.0,−0.01)
] [
7745
7718
] [
7442
7415
]
4210
3933
3921
4096
4060
4131
0+ 1+ 2+
(D¯D−s )0,2
(D¯D∗−s )1,2
(D¯∗D−s )1,2
(D¯∗D∗−s )0,1,2
10804
10707
10619
10745
10718
10769
0+ 1+ 2+
(BB0s)0,2
(BB∗0s )1,2
(B∗B0s)1,2
(B∗B∗0s )0,1,2
7158
7498
7312
7332
7227
7462
7327
7330
7407
7402
7442
7415
0+ 1+ 2+
(D¯B0s)0,2
(BD−s )0,2
(D¯B∗0s )1,2
(B∗Ds)1,2
(D¯∗B0s)1,2
(BD∗−s )1,2
(D¯∗B∗0s )0,1,2
(B∗D∗−s )0,1,2
Fig. 3 The estimated masses (units: MeV) of the nsc¯c¯ (left), nsb¯b¯ (middle), and nsc¯b¯ (right) systems in the threshold scheme.
The dotted lines are thresholds of the possible decay channels. When the total spin of a tetraquark is equal to a subscript of
the symbol for a meson-meson channel, the corresponding S- or D-wave decay is allowed.
Next, we move on to the nsb¯b¯ systems. The posi-
tions of masses for the nsb¯b¯ states and those of var-
ious thresholds are similar to those in the nnb¯b¯ case.
The only difference is that the positions for the lower
0+ state and the second 1+ state are exchanged. The
similarities in mass spectrum would result in those in
widths.
Finally, we take a look at the systems composed of
four different flavors, nsc¯b¯. The lowest state is a stable
scalar tetraquark and the lowest 1+ is also below the
corresponding open-charm decay channel, which is a
similar feature to the nnc¯b¯ case. The decay properties of
other states in the nsc¯b¯ case and in the nnc¯b¯ case should
have similar features, too. A slightly different feature is
that almost degenerate states exist in the 1+ nsc¯b¯ case.
There are two states around 7330 MeV and two states
around 7405 MeV. By inspecting the contributions in
the wave functions, one finds that the dominant wave
functions in one state belong to I = 1 nnc¯b¯ and those
in the other state belong to I = 0 nnc¯b¯. It is the state
mixing that results in the occasional degeneracy.
When we estimate the nsc¯b¯ masses by using the ref-
erence threshold BDs or DBs, the mass difference is
around 10 MeV. This value is from the SU(3) flavor
symmetry breaking. From M = Mref − 〈HCM 〉ref +
〈HCM 〉 and Tab. 4, the difference resulting from the two
thresholds is [(MDs −MD)− (MBs −MB)] + 16[(Cc¯n−
Cc¯s) − (Cb¯n − Cb¯s)]. If the SU(3) flavor symmetry is
strict, MDs = MD, MBs = MB , Cc¯n = Cc¯s, Cb¯n = Cb¯s,
and the difference vanishes. One may also estimate the
nsQ¯Q¯ masses with the PV type thresholds and sim-
ilar uncertainty occurs because of the SU(3) symme-
try breaking. For example, the difference resulting from
the thresholds BB∗0s and B
∗B0s is [(MB∗s − MBs) −
9(MBs−MB)+ 643 (Cb¯n−Cb¯s)], which vanishes in the limit
mn = ms. In fact, what the above mentioned similarity
reflects is also the underlying SU(3) flavor symmetry.
More results will be discussed later.
3.4 Systems with strangeness=−2
The expressions of the CMI matrices for the systems
ssc¯c¯ and ssb¯b¯ (ssc¯b¯) are the same as those for the sys-
tem nnc¯c¯ (nnc¯b¯) with I = 1, which has been shown in
Tab. 1 (2). As a result, the spectrum for ssQ¯Q¯ has sim-
ilar features to the isovector nnQ¯Q¯ case. One may find
the estimated masses and their rough positions in Tab.
8 and Fig. 4, respectively. All the obtained tetraquarks
except the tensor one have S-wave decay channels and
probably are broad states. The 2+ ssc¯c¯ (ssc¯b¯) is around
the threshold of D∗−s D
∗−
s (D
∗−
s B
∗0
s ). Its decay is mainly
through D wave and may be a narrow state. The 2+
ssb¯b¯ is slightly above the threshold of B∗0s B
∗0
s and may
have narrower width compared with its 0+ and 1+ part-
ner states.
4 Discussions
4.1 The spectrum
We have explored various tetraquark configurations in
a model with the color-magnetic interaction, QQQ¯Q¯ in
[60], QQQ¯q¯ in [61], and csc¯s¯ in [62]. A general feature
for the mass spectra of these systems is that both the
lightest and the heaviest states are those with JP = 0+.
This observation is also valid for the nnc¯b¯, nsc¯b¯, ssc¯c¯,
ssb¯b¯, and ssc¯b¯ systems. In the nnc¯c¯, nnb¯b¯, nsc¯c¯, and
nsb¯b¯ cases, now the quantum numbers of all the light-
est states are JP = 1+. Since the meson-meson chan-
nels with the lowest threshold have the quantum num-
bers JP = 0+, the stable scalar tetraquarks must be
below such thresholds. Because of the angular momen-
tum conservation, the axial-vector tetraquarks above
the lowest thresholds may also be stable. This feature
is unique for the qqQ¯Q¯ systems.
By comparing the diagonal elements of 〈HCM 〉 with
the eigenvalues, from Tables 6, 7, and 8, we may under-
stand the color mixing effects for various tetraquark
states. The mass shifts due to the color mixing range
from several MeVs to a value around 100 MeV. The
effects for the (nnc¯c¯)I=1, nsc¯c¯, and ssc¯c¯ states with
JP = 0+ are large while those for the (nnb¯b¯)I=0 and
nsb¯b¯ states with JP = 1+ are small. In a given system,
the effects for the 0+ states are usually larger than the
effects for the 1+ states.
For multiquark masses, the obtained values are just
estimations which rely on the parameters extracted from
the conventional hadrons and the adopted reference
masses. As noted in Ref. [69], some dynamical contri-
butions are not appropriately included in the present
method and the tetraquark masses need to be improved
in a more elaborate model. One may guess that not
all the studied tetraquarks exist. However, if one state
could be observed, its partner states may be searched
for with the relative positions shown in Figs. 2, 3, and
4. Such a study can be used to test the present model.
4.2 Mass relations
In principle, one may use the Gell-Mann–Okubo mass
formula to discuss the mass splittings in the same rep-
resentation of flavor SU(3). In the present studied sys-
tems, the mixing between two flavor representations oc-
curs and it is difficult to find a general mass formula for
all the states. However, it is interesting that the equal
mass splitting relation mnnQ¯Q¯ + mssQ¯Q¯ = 2mnsQ¯Q¯ in
6f still holds for some states. In the qqc¯c¯ case, the
sets [mnnc¯c¯, mnsc¯c¯, mssc¯c¯]=[4128, 4210, 4293] MeV and
[3850, 3933, 4016] MeV for the 0+ states and the set
[mnnc¯c¯, mnsc¯c¯, mssc¯c¯]=[4044, 4131, 4218] MeV for the
2+ states satisfy this relation. The set [mnnc¯c¯, mnsc¯c¯,
mssc¯c¯]=[3973, 4060, 4146] MeV for the 1
+ states also
satisfies this relation. In the qqb¯b¯ case, the sets satis-
fying this relation are: [mnnb¯b¯, mnsb¯b¯, mssb¯b¯]=[10734,
10804, 10875] MeV and [10637, 10707, 10777] MeV for
the 0+ states, [10694, 10769, 10844] for the 2+ states,
and [10617, 10718, 10820] MeV and [10671, 10745, 10820]
MeV for the 1+ states. In the qqc¯b¯ case, the relation is
roughly satisfied for the sets: [mnnc¯b¯,mnsc¯b¯,mssc¯b¯]=[7428,
7498, 7581] MeV and [7241, 7312, 7394] MeV for the 0+
states, [7367, 7442, 7529] MeV for the 2+ states, and
[7393, 7462, 7545] MeV, [7332, 7407, 7493] MeV, and
[7258, 7330, 7414] MeV for the 1+ states.
If one checks the mass formula in the estimation pro-
cedure, one finds that the above mass relations actually
reflect the flavor SU(3) symmetry and its breaking. For
example, for the 2+ qqQ¯Q¯ systems, the relation is the
occasional result of Cnn + Css = 2Cns from which one
may recover the relations 2MN+2MΞ = 3MΛ+MΣ and
MΣ∗−M∆ = MΞ∗−MΣ∗ = MΩc−MΞ∗ . Conversely, it
is easy to understand the relation Cnn +Css = 2Cns in
the CMI model from the flavor symmetry. In principle,
the equal mass relations in the mixing case should also
be from the relation Cnn + Css = 2Cns and thus from
the flavor symmetry. As a byproduct of this relation,
we get Σ∗ −∆ = Ξ −Σ.
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Table 8 Numerical results for the ssc¯c¯, ssb¯b¯, and ssc¯b¯ systems in units of MeV. The masses in the sixth column are estimated
with the masses of effective quarks and those in the last column with the thresholds of DsDs/BsBs/DsBs.
System JP 〈HCM 〉 Eigenvalues Eigenvectors Mass DsDs/BsBs/DsBs
ssc¯c¯ 0+
(
−40.3 131.3
131.3 46.8
) [
141.6
−135.1
] [
(0.59, 0.81)
(−0.81, 0.59)
] [
4672
4395
] [
4293
4016
]
1+ -4.5 -4.5 1.00 4526 4146
2+ 66.9 66.9 1.00 4597 4218
ssb¯b¯ 0+
(
0.3 45.1
45.1 37.2
) [
67.4
−30.0
] [
(0.56, 0.83)
(−0.83, 0.56)
] [
11254
11157
] [
10875
10777
]
1+ 12.5 12.5 1.00 11199 10820
2+ 37.1 37.1 1.00 11224 10844
ssc¯b¯ 0+
(
−22.1 88.2
88.2 38.8
) [
101.6
−85.0
] [
(0.58, 0.81)
(−0.81, 0.58)
] [
7960
7774
] [
7581
7394
]
1+
( −9.3 16.6 −50.9
16.6 1.9 35.2
−50.9 35.2 21.2
) [−65.5
65.4
13.8
] [
(0.67,−0.47, 0.58)
(−0.48, 0.32, 0.81)
(0.57, 0.82, 0.01)
] [
7793
7924
7872
] [
7414
7545
7493
]
2+ 49.9 49.9 1.00 7908 7529
4293
4016
4146
4218
0+ 1+ 2+
(D−s D−s )0,2
(D−s D∗−s )1,2
(D∗−s D∗−s )0,1,2
10875
10777
10820
10844
0+ 1+ 2+
(B0sB
0
s)0,2
(B0sB
∗0
s )1,2
(B∗0s B
∗0
s )0,1,2
7581
7394
7414
7545
7493
7529
0+ 1+ 2+
(D−s B0s)0,2
(D−s B∗0s )1,2
(D∗−s B0s)1,2
(D∗−s B∗0s )0,1,2
Fig. 4 The estimated masses (units: MeV) of the ssc¯c¯ (left), ssb¯b¯ (middle), and ssc¯b¯ (right) systems in the threshold scheme.
The dotted lines are thresholds of the possible decay channels. When the total spin of a tetraquark is equal to a subscript of
the symbol for a meson-meson channel, the corresponding S- or D-wave decay is allowed.
4.3 Comparison with other works
As mentioned in Sec .1, there are also other works about
qqQ¯Q¯ tetraquark states. Various approaches such as
the non-relativistic quark model [24,25], the relativis-
tic quark model [32], and the QCD sum rule [41] have
been used to explore the spectra. For comparison, we
briefly list the obtained results in the present model and
those in other theoretical methods in Table 9. One may
consult Table V of Ref. [32] for more comparison. Ac-
cording to these two tables, most masses are below the
upper limits of the present estimation (Scheme I) and
are in the reasonable range. The upper limits of masses
for the ssQ¯Q¯ systems in QCD sum rule seem to be high.
Experimental investigations on tetraquark states may
be used to test theoretical methods according to their
predictions.
The isoscalar Tcc is especially interesting. It is the
most promising tetraquark to be found first. Most works
give a mass around 3900 MeV. In the present work, we
consider the configuration mixing and get a lower mass
around 3780 MeV (Scheme II). A comparable value
3764 MeV was obtained in a chiral constituent quark
model in Ref. [70]. Whether this Tcc is stable enough
needs experimental judgement. Because of the limita-
tions of the present model (it is not a dynamical model,
it has problems of parameters, and so on), probably the
mass is underestimated.
If all the predicted masses are 100 MeV underesti-
mated, many “stable” states would be unstable. How-
ever, the lowest I(JP ) = 0(0+) Tcb and the lowest
I(JP ) = 0(1+) Tbb are still below their respective thresh-
olds of open-charm/bottom decay channels, BD¯ (7146
MeV) and BB∗ (10604 MeV), and seem to be still sta-
ble. To search for these exotic tetraquarks in addition
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to the Tcc is also called for. Although the present model
is oversimplified, the basic features of spectra should be
roughly reasonable.
4.4 Production and decay
The production of the qqQ¯Q¯ tetraquark states needs
high energy processes. For example, the C.M. energy for
the production of a ssb¯b¯ (ssc¯b¯) at an electron-positron
collider should be
√
s > 22 (
√
s > 15) GeV. Of these
exotic states, the production of the lowest Tcc at var-
ious facilities (Tevatron, RHIC, LHC, KEK) has been
considered [38,39,40,71,72,73,74]. Because of its clean
background, the electron-positron collision experiment
has its advantage in searching for Tcc. At Belle/BelleII,
the nsc¯c¯ tetraquarks can also be searched for.
From Figs. 2, 3, and 4, it is easy to get a feature
about the rearrangement decays and the stability of the
possible tetraquarks qqQ¯Q¯. For the lowest stable states,
the rearrangement decay channels are not opened. One
has to adopt weak or electromagnetic decay modes to
search for them: (1) for the lowest T I=0,J=1cc , one may
use D∗−K+pi−or D−D¯0γ [40,75]; (2) for the lowest
T I=0,J=1bb , one may use D¯piB
∗, D¯0D+s B
∗0, orD∗−D∗+s B
∗+;
(3) for the lowest T I=0,J=0cb (T
I=0,J=1
cb ), one may use
D¯D¯pi or BKpi (D¯D¯∗pi or B∗Kpi).; (4) for the lowest
(nsc¯c¯)J=1, one may use D∗−s Kpi, D¯
∗KK¯, or D¯D−s γ; (5)
for the lowest (nsb¯b¯)J=1, one may use D¯piB∗0s ,B
∗D−s pi
+,
or B∗D(∗)+s D
(∗)−
s ; (6) for the lowest (nsc¯b¯)J=0, one may
use KpiB0s , BKK¯, D¯D
−
s pi
+, or D¯D
(∗)+
s D
(∗)−
s ; and (7)
for the lowest (nsc¯b¯)J=1, one may use KpiB∗0s , B
∗KK¯,
D¯piD∗−s , D¯
∗D−s pi
+, or D¯∗D(∗)+s D
(∗)−
s . For higher states,
the two-body meson-meson channels are the dominant
decay modes. Searching for them in meson-meson chan-
nels can probably give interesting exotic signals. In ad-
dition, their transition to lower tetraquarks is also al-
lowed, e.g. an I(JP ) = 1(1+) nnc¯b¯ state may decay to
an I(JP ) = 0(0+) nnc¯b¯ state by emitting a pion. How-
ever, the decay into OZI-allowed (light-baryon)+(heavy-
antibaryon) final state is forbidden by kinematics even
if the doubly-heavy baryons are observed.
4.5 “Good” diquark and stable tetraquarks
The studies on various multiquark states can be found
in the literature. Usually, the multi-body problem is
simplified by assuming the existence of possible sub-
structures, e.g. diquark or triquark. In the conventional
baryons, the color-antitriplet diquark with spin = 0
is called “good” diquark while that with spin = 1 is
called “bad” one because the color-spin interaction in
the former (latter) case is attractive (repulsive). An ex-
ample because of their difference is the mass splitting
between Σc and Λc. In the multiquark study, one ex-
pects that states containing the scalar diquark have a
lower mass and are easy to search for experimentally
while those with the axial-vector diquark should be
broad resonances even if they exist and are difficult to
search for.
Because the interaction related with heavy quarks is
suppressed, the properties of the tetraquarks qqQ¯Q¯ are
determined mainly by the light diquark. In the present
work, the number of states is significantly reduced if
we consider tetraquarks containing the light “good” di-
quark only. Now the retained color-spin bases in Eq.
(7) are φ2χ5 (total spin=1) and φ2χ6 (total spin=0).
From tables 1-3, there is no “good” light diquark in the
ssQ¯Q¯ tetraquark states and one needs to discuss only
eight lowest states: 1+ nnc¯c¯, 1+ nnb¯b¯, 0+ and 1+ nnc¯b¯,
1+ nsc¯c¯, 1+ nsb¯b¯, and 0+ and 1+ nsc¯b¯. Without chan-
nel coupling, their masses are higher than the lowest
states in Figs. 2 and 3. We list their values in table 10
with the threshold scheme. Now, the 1+ nnc¯b¯ state and
the two nsc¯b¯ states are slightly above their correspond-
ing thresholds of rearrangement decay channels. Stable
states with the configurations nnc¯c¯, nnb¯b¯, nnc¯b¯, nsc¯c¯,
and nsb¯b¯ are still possible.
However, as shown in Ref. [39], the color-sextet di-
quark with spin = 1 also has weak attraction but it
does not exist in the conventional baryons. The con-
tributions from such diquark and other diquarks other
than the “good” diquark lead to more complex mass
spectra of possible multiquark states. In the present
study, we use “diquark” to denote the two-quark cluster
which may have various quantum numbers. Our analy-
sis shows that the channel coupling between the 6c⊗ 6¯c
and 3¯c⊗3c color configurations further lowers the qqQ¯Q¯
state where the qq pair forms a scalar diquark.
5 Summary
In this work, we systematically study the mass spectra
of tetraquark states with the qqQ¯Q¯ configuration by us-
ing a simple color-magnetic model. All possible quan-
tum numbers without orbital excitation are considered.
We find that the color mixing effects are relatively im-
portant for the 0+ states. The effect for the lowest Tcc
(Tbb) is about 30 (7) MeV and is not large. If the results
shown in Figs. 2, 3, and 4 are all reasonable, two types of
qqQ¯Q¯ tetraquarks are probably stable: (1) T I=0cc , T
I=0
bb ,
T I=0cb , nsc¯c¯, nsb¯b¯, and nsc¯b¯ with J
P = 1+; and (2)
T I=0cb and nsc¯b¯ with J
P = 0+. The feature that the sta-
ble states could have J = 1 is unique compared with
other tetraquark structures QQQ¯Q¯, QQQ¯q¯, and csc¯s¯.
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Table 9 Comparison of results in various methods for tetraquark states with the qqQ¯Q¯ configuration.
System J
Previous works Our results
[24] [25] [41,42] [32] Scheme 1 Scheme 2
(nnc¯c¯)I=1 0 – – – 4056 4078/4356 3850/4128
1 – – – 4079 4201 3973
2 – – – 4118 4271 4044
(nnc¯c¯)I=0 1 3931 3892∼3916 – 3935 4007/4204 3779/3977
(nnb¯b¯)I=1 0 – – 9900∼10600 10648 10841/10937 10637/10734
1 10712 – 9900∼10500 10657 10875 10671
2 10735 10710∼10740 – 10673 10897 10694
(nnb¯b¯)I=0 1 10525 10482∼10514 9900∼10500 10502 10686/10821 10483/10617
(nnc¯b¯)I=1 0 – – 7040∼7380 7383 7457/7643 7241/7428
1 – – 7030∼7390 7396/7403 7473/7548/7609 7258/7332/7393
2 – – – 7422 7582 7367
(nnc¯b¯)I=0 0 7206 7153∼7183 7040∼7380 7239 7256/7429 7041/7213
1 7244 7204∼7231 7030∼7390 7246 7321/7431/7516 7106/7215/7301
2 7422 – – – 7530 7315
nsc¯c¯ 0 – – 3840∼4300 4221 4236/4514 3933/4210
1 – – 3950∼5070 4143/4239 4225/4363/4400 3921/4060/4096
2 – – – 4271 4434 4131
nsb¯b¯ 0 – – 9900∼10600 10802 10999/11095 10707/10804
1 10680 10631∼10665 9900∼11100 10706/10809 10911/11010/11037 10619/10718/10745
2 10816 – – 10823 11060 10769
nsc¯b¯ 0 – – – 7444/7540 7461/7615/7635/7801 7158/7312/7332/7498
1 – – – 7451/7552/7555 7530/7631/7634 7227/7327/7330
/7706/7710/7766 /7402/7407/7462
2 7496 – – 7572 7718/7745 7415/7442
ssc¯c¯ 0 – – 4160∼5200 4359 4395/4672 4016/4293
1 – – 4010∼5160 4375 4526 4146
2 – – – 4402 4597 4218
ssb¯b¯ 0 – – 9900∼11200 10932 11157/11254 10777/10875
1 – – 10100∼11300 10939 11199 10820
2 – – – 10950 11224 10844
ssc¯b¯ 0 – – 7120∼7450 7673 7774/7960 7394/7581
1 – – 7210∼7490 7683/7684 7793/7872/7924 7414/7493/7545
2 – – – 7701 7908 7529
Based on our estimations, possible strong decay pat-
terns are briefly discussed. Up to now, none of the ex-
otic qqQ¯Q¯ states has been observed and more detailed
investigations on their properties are still needed. Hope-
fully, our study on these interesting tetraquark states
may be helpful to the future experimental searches.
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